We report experimental observation of three-field noise correlation between two coexisting four-wave mixing (FWM) signals and the probe signal in a coherently-prepared rubidium vapor system. The two FWM signals in a double-Λ type quasi-four-level atomic system are obtained in different directions via their respective phasematching conditions and can be detected individually. These signals and the probe beam are found to be strongly correlated or anticorrelated with each other. © 2011 Optical Society of America OCIS codes: 190.4380, 190.4410, 270.0270, 300.2570. Entangled photon sources are essential for various quantum information processing protocols [1] . Compared to the generation of correlated photon pairs from the spontaneous parametric down-conversion (SPDC) process employing nonlinear optical crystals [2], the methods of generating photon pairs using atomic vapors as parametric amplifying media with third-order nonlinearities have attracted more attention in recent years [3] [4] [5] [6] [7] [8] . The four-wave mixing (FWM) process tuned near an atomic resonance can be used to produce narrowband correlated photon pairs, which are more appropriate for long-distance quantum communication. Because of electromagnetically induced transparency (EIT) [9] in such multilevel atomic systems, strong enhancement in multiwave mixing (MWM) processes can be expected [10, 11] . In our previous work [10] , by carefully aligning the incident beams, several MWM processes with the same frequency and direction are shown to coexist in the multilevel atomic system. However, the correlation properties among the generated FWM signals were not considered previously. In this Letter, by employing an improved experimental setup as described below, two coexisting FWM processes in a double-Λ type atomic system are obtained in different directions and frequencies according to their respective phase-matching conditions and energy conservation (see Fig. 1 ). Here, we show that the two coexisting FWM signals and the probe beam are strongly correlated or anticorrelated with each other in temporal relativeintensity. Also, we investigate the interplay between these two coexisting FWM processes in such atomic system by varying the power of each incident beam.
Entangled photon sources are essential for various quantum information processing protocols [1] . Compared to the generation of correlated photon pairs from the spontaneous parametric down-conversion (SPDC) process employing nonlinear optical crystals [2] , the methods of generating photon pairs using atomic vapors as parametric amplifying media with third-order nonlinearities have attracted more attention in recent years [3] [4] [5] [6] [7] [8] . The four-wave mixing (FWM) process tuned near an atomic resonance can be used to produce narrowband correlated photon pairs, which are more appropriate for long-distance quantum communication. Because of electromagnetically induced transparency (EIT) [9] in such multilevel atomic systems, strong enhancement in multiwave mixing (MWM) processes can be expected [10, 11] . In our previous work [10] , by carefully aligning the incident beams, several MWM processes with the same frequency and direction are shown to coexist in the multilevel atomic system. However, the correlation properties among the generated FWM signals were not considered previously.
In this Letter, by employing an improved experimental setup as described below, two coexisting FWM processes in a double-Λ type atomic system are obtained in different directions and frequencies according to their respective phase-matching conditions and energy conservation (see Fig. 1 ). Here, we show that the two coexisting FWM signals and the probe beam are strongly correlated or anticorrelated with each other in temporal relativeintensity. Also, we investigate the interplay between these two coexisting FWM processes in such atomic system by varying the power of each incident beam.
Our experimental system is schematically illustrated in Fig. 1 . Three real energy levels [j0i (5S 1=2 , F ¼ 1), j1i (5S 1=2 , F ¼ 2), and j2i (5P 1=2 , F ¼ 2) in an 87 Rb atom] and one virtual energy level (j3i, which is 816 MHz from the energy level j2i) are involved in the experiment, as shown in Fig. 1(a) , which form a double-Λ quasifour-level atomic system.
The laser beam E 1 (with frequency ω 1 , Rabi frequency Ω 1 , and wave vector k 1 ) emitted from an external cavity diode laser connects the transition between the energy levels j0i − j2i and serves as the probe beam. A singlefrequency ring cavity laser (Coherent 899-21) was tuned to the j1i − j2i transition of the 87 Rb atom at 794:98 nm, which splits into three beams E 2 , E 0 2 , and E 3 (ω i , Ω i , and k i ) serving as the coupling beams, as shown in Fig. 1(a) . The beams E 2 and E 0 2 with the same frequency ω 2 connect the transition between j1i and j2i. The E 3 beam connecting the transition between the energy levels j1i and j3i was downshifted ω 32 ¼ 816 MHz by an acousto-optic modulator, thereby ω 3 and the frequency ω 2 of the coupling beam E 2 (or E 0 2 ) always satisfy ω 3 − ω 2 ¼ ω 32 . These four laser beams noncollinearly propagate in the same direction with small angles (∼0:3°) between them and are overlapped at the center point inside a glass cell of length 7:5 cm [see Fig. 1(b) ], containing Rb atoms without any buffer gas with a typical atomic density of 2 × 10 11 cm −3 . When ω 1 was scanned around the transition j0i − j2i (D 1 absorption line), an EIT window formed by the Λ-type three-level subsystem [9] (j0i − j2i − j1i) was observed, as well as the generations of two coexisting FWM signals, i.e., FWM 1 from the Λ-type three-level subsystem (j0i − j2i − j1i) satisfying the phase-matching condition
They were detected by two avalanche photodiode detectors, whereas the probe beam was detected by a conventional silicon PIN photodiode detector. Figure 2 shows the probe and two FWM signal spectra as a function of ω 1 . In such a double-Λ configuration coherence between the two atomic ground states will be built, which enhances the efficiency of the FWM processes [10, 11] . With the specially arranged spatial pattern of the four incident beams, these three signals (two generated FWM and the probe beams) can be detected separately in space as shown in Fig. 1(b) , which is different from the previous cases [12] .
With the coexisting FWM processes, we can investigate the interplay between them by varying the powers of the probe beam E 1 and the coupling beams E 0 2 and E 3 , respectively. The intensity of the E 2 beam will always be fixed at 0:8 mW · mm −2 . Figure 3 
signals have the same trend, i.e., they both increase as the power of the E 1 beam increases. When taking a close look at the evolution of the FWM 1 signal, one can find the spectrum profile, which has different structures at different power sets of beam E 1 , as shown in Fig. 4 . The Autler-Townes (AT) splitting observed at the resonance in the FWM 1 spectrum [ Fig. 4(a) ] is due to the weak probe field of 2 mW, which disappears [ Fig. 4(b) ] at the strong probe case (P 1 ≥ 4 mW), corresponding to the case that the dressed effect will be canceled gradually as the power of the probe field increases [13] . Next, we study the dependence of the FWM signal intensities on the E 0 2 (or E 3 ) beam while the intensities of the probe beam E 1 and the coupling beam E 3 (or E 0 2 ) are fixed at 2.5 and 4:5 mW · mm −2 , respectively. Differing from the above case, the coupling beam E 0 2 (or E 3 ) just contributes to the FWM 1 (or FWM 2 ) process. One can find that as the power of the coupling beam E 0 2 (or E 3 ) increases, the FWM 1 (or FWM 2 ) process also increases gradually, whereas the FWM 2 (or FWM 1 ) process decreases, as shown in Fig. 3(b) [or Fig. 3(c) ]. One can conclude that competition exists between these two coexisting FWM processes. In addition, Fig. 3 also shows that the efficiency of the resonant FWM 1 process is characteristically higher than the nonresonant FWM 2 process.
Finally, we would like to show that the three individually detected signals, i.e., the two coexisting FWM signals and the probe signal, are strongly intensity correlated or anticorrelated with each other. Figure 5 (a) shows singleshot temporal waveforms of these three signals that are taken by three independent detectors, showing clear correlation and anticorrelation in the fluctuations of the three beams, respectively. The corresponding cross correlation function G ð2Þ ðτÞ between intensities of two optical beams can be calculated by [14] 
where averaging over time is defined as hδI i ðtÞi ¼ R tþT t δI i ðtÞdt=T; hI i i is the average intensity of each laser beam and δI i ðtÞ gives the time-dependent intensity fluctuations shown in Fig. 5(a) . τ is the selected time delay between the recorded signals; T is the time of integration Fig. 2. (Color online) Typical coexisting FWM signal spectra, i.e., FWM 1 (red curve) and FWM 2 (green curve), and the probe spectrum with EIT window (black curve), as a function of the probe frequency detuning in the case of Fig. 1(a) . In conclusion, we report an experimental observation of a three-field noise correlation in a double-Λ type quasi-four-level atomic system via FWM processes.
By carefully aligning the incident beams, two FWM processes can coexist in such a system, which can be detected individually according to their respective phasematching conditions. Because of the improved experimental setup, these two FWM signals and the probe beam are found to be strongly (temporally) correlated or anticorrelated with each other. Although we have not investigated any quantum correlation [4] , we anticipate that the signal and probe beams in the current system can become a good candidate for three-photon correlation source in quantum information processing. 
